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Abstract 
The effect of montmorillonite clay on the compressive properties of Epikote 828 epoxy was studied. A series of epoxy-based 
nanocomposites with 1-5 wt.% nanoclay content was prepared. The degree of dispersion and exfoliation was investigated using 
transmission electron microscopy. Static uniaxial compression tests were conducted in order to study the effect of nanoclay on the 
compressive stress-strain behaviour and compressive properties of the Epikote 828 polymer. It was found that the compressive properties 
depend on the degree of exfoliation of the clay nanoplatelets in the epoxy. Reduction in compressive strength for 1 and 3 wt% nanoclay 
was recorded. This is because the intercalated structure of nanoclay in the polymer creates high localised stresses in the matrix during 
compression that leads to premature failure. 
 
© 2012 The Authors. Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Centre of 
Humanoid Robots and Bio-Sensor (HuRoBs), Faculty of Mechanical Engineering, Universiti Teknologi MARA. 
 
Keywords: Compressive properties; nanocomposites; nanoclay; epoxy resin; intercalated structure. 
1. Introduction 
Epoxies are well known high performance polymeric materials which widely used in the fabrication of high strength light 
weight structures especially in aerospace and aircraft applications. Epoxies are used as the matrix in fibre reinforced 
polymer (FRP) composite. The properties of the matrix have a major influence on the compressive strength of FRP 
composite [1]. In addition, the interaction between fibres and matrix is important for designing damage-tolerant and 
damage-resistant composite structures [2]. In order to improve the compressive strength, damage resistance and tolerance of 
the composite, the epoxy is modified with various types of fillers. One of the traditional ways, the micron-sized fillers, such 
as rubber, elastomer, alumina, glass beads and thermoplastics, are incorporated into the epoxy [3-7]. However, there are 
some drawbacks of such fillers, such as causing reduction in failure strain, impact strength, and sometimes thermal stability 
and fracture toughness of the epoxy. An innovative way to overcome this problem has been discovered, which is by 
incorporating nanoparticles into the epoxy [7-8].  
There are several types of nanoparticles commercially available and commonly used for developing nanoparticle-filled 
polymer, called nanocomposites, such as montmorillonite organoclay, nanosilica, carbon nanotubes and nanofibres. The 
objectives of adding these nanofillers are to enhance the elastic modulus, strength and toughness without sacrificing the 
strain to failure and thermal stability of the epoxy. However, polymer nanocomposites have not yet reached their full 
potential as advanced engineering materials due to several challenges [7-9], such as (i) agglomerated nanoparticles and poor 
dispersion introducing premature failure of the system, (ii) weak filler-matrix interface bonding reducing the stress transfer 
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capability and (iii) resin viscosity increase with nanoparticle content limiting process-ability and hadle-ability. These 
weaknesses degrade the properties of the polymer. 
In this study, the degree of exfoliation of nanoclay-filled Epikote 828 epoxy was studied. In addition, the effect of 
nanoclay content and dispersion on compressive properties was investigated and discussed.  
2. Experimental details 
2.1. Fabrication of nanoclay/epoxy nanocomposites 
The pure resin used for the experiment was a mixture of 100 parts, by mass, Epikote 828 (DGEBA), 90 parts HY906 
which is a curing agent type 1-methyl-5-norbornene-2,3-dicarboxylic anhydride (NMA) and 1 part DY062, 
Benzyldimethylamine (BDMA) which is used as the accelerator. A series of nanocomposites with 1 - 5 wt% nanoclay was 
prepared using a mechanical stirrer. The nanomer I.28 nanoclay (treated with trimethyl stearyl ammonium) was dried at 
60oC for 24 h under vacuum before sample preparation. The Epikote 828 was preheated to 80oC in a vacuum oven to reduce 
the viscosity of the resin. A specific amount of nanoclay was added into the Epikote 828 and mechanically stirrer at 400 rpm 
in a heated oil bath of 80oC for 2 h. The mixture was degassed in a vacuum oven at 80oC to remove the entrapped air, which 
then was blended with the appropriate stoichiometric amounts of NMA hardener and BDMA accelerator for 15 min. The 
nanomodified resin was afterwards poured into release-coated silicon moulds and degassed in the vacuum oven before 
curing to remove any air entrapped in the mixture. Finally, the resin system was pre-cured at 80oC for 2 h, cured at 120 oC 
for 3 h and post-cured at 150 oC for 4 h with a ramp rate of 1oC/min followed by cooling down to room temperature at 
1oC/min. 
2.2. Transmission Electron Microscopy (TEM) 
The degree of dispersion (intercalation or exfoliation) of the clay nanoplatelets in the epoxy matrix was investigated 
using TEM. TEM samples with a thickness of 85 nm were prepared using a Leica UC2 Ultra-microtome machine at room 
temperature. After cutting, sections were collected on 200-mesh copper grids. The specimens were examined using a FEI 
Tecnai Transmission Electron Microscope at an accelerating voltage of 80 kV. The images were captured using a Gatan 
MS600CW high resolution digital camera and collected using Gatan digital micrograph software at three different 
magnifications, 22500x, 170000x and 225000x.  
2.3. Compression tests 
The cured resins with dimension of 1:1 length to diameter (L/D) ratio (10 mm/10 mm), as recommended by Behzadi and 
Jones [10], were fabricated for the uniaxial compression test. This helps to avoid buckling, reduce friction due to small 
cross-section area, avoid premature failure due to sharp corners and prevent self-reaction of the epoxy resin during curing. 
In order to have smooth parallel ends perpendicular to the cylindrical axis, the cast specimens were machined on a lathe and 
polished to an accuracy of 0.01 mm (measured with a micrometer). All specimens were prepared carefully with no bubbles, 
visible flaws, scratches or any imperfections, which may result in premature failures. All specimens were dried in a vacuum 
oven before being kept in vacuum at room temperature. Compression tests were also conducted on the 12.5x12.5x25.4 mm3 
cube specimens (according to ASTM standard D695-96) to study the effect of specimen geometry and dimensions on the 
compressive stress-strain response and their failure mechanisms. At least five specimens were tested for each system.  
Static uniaxial compression tests were carried out on the cubic and cylindrical specimens using a Hounsfield universal 
testing instrument, as shown in Fig. 1a, with a crosshead speed of 1 mm/min.  In order to minimize the frictional forces 
between test machine platen and specimen loaded surfaces especially at circumference edges where barrelling may be 
triggered, the specimen ends were smeared with petroleum jelly. The compliance of the testing machine for compression, 
based on a technique proposed by Kalidindi et al [11], was performed to calculate the actual displacement of the specimen. 
In the ‘direct technique’ [11], the load-displacement relationship for the machine was measured without any specimen 
between the compression bars. The actual deformation of the sample can then be calculated by subtracting the non-sample 
displacement of the testing fixture from the total displacement recorded by the actuator. This load-displacement relationship 
for the machine can be used to correct the recorded load–displacement data for any specimen tested under uniaxial 
compression by the testing machine at the same crosshead speed. The compressive properties, such as elastic modulus, 
strength, failure strain, yield strength and strain at yield point, were determined based on ASTM standard D695. 
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Fig. 1.  (a) Examples of the uniaxial compression test specimens of cylindrical and cubic shapes with their dimensions and (b) Hounsfield universal testing 
machine with the compression bars and fan-assisted oven mounted apparatus. 
 
3. Results and discussion 
3.1. Morphology of nanomer I.28/epoxy nanocomposites 
The I.28 montmorillonite (MMT) clay has dry particle size of 8–10 μm. It was a great challenge to transform the micron-
sized clay particles into exfoliated state, which has a huge amount of nanoplatelets in the epoxy matrix, using a mechanical 
stirring technique. The gap between two adjacent silicate platelets in I.28 nanoclay is about 2.4 nm. One clay sheet has 1 nm 
thickness. Fig. 2 shows the dispersion of 1, 3 and 5 wt% I.28 MMT nanoclay in Epikote 828. At low magnification, TEM 
images show clusters of nanofiller-rich regions and resin-rich region. All TEM images at high magnification (170,000x) 
show that the gap between two adjacent platelets is more than 2.4 nm but less that 8 nm. These indicate that the 
nanocomposite has an intercalated structure. The d-spacing was seen to reduce with increasing clay content. The d-spacing 
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of 5 wt% nanoclay in epoxy is about 3-4 nm (see Fig. 3). Since a very small area of the specimen was sampled in each TEM 
image, at least 3 samples were examined for each epoxy system and at least 5 images were captured for each sample and the 
measurement of d-spacing was taken from multiple images captured from various locations of the specimen.  
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Fig. 2. TEM micrographs showing an intercalated structure of (a) 1 wt%, (b) 3 wt% and (c) 5 wt% clay nanoplatelets in Epikote 828, prepared using the 
mechanical stirring technique and observed under two different magnifications, (i) 22500x and (ii) 170000x.  
100 nm 
100 nm 
100 nm 
  nanovoids 
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Fig. 3.  TEM micrographs showing intercalated structures of 5 wt% clay nanoplatelets in Epikote 828 observed under 225000x magnification. One clay 
sheet has 1nm thickness. The d-spacing in between silicate layers is about 3-4 nm. 
The viscosity of the resin increases with increasing in the nanoclay content and the processing time was limited to 90 
minutes after adding hardener into the epoxy. Clay content of more than 3 wt% led to processing problems, especially the 
degassing process of the resin mixture prior to curing became impossible. This results in entrapped air in the cured epoxy as 
shown in Fig. 2c. 
3.2. Compressive properties 
Typical true stress-strain curves of cylindrical and cubic specimens loaded in static uniaxial compression were illustrated 
in Fig. 4. Both figures (Fig. 4a and Fig. 4b) show the effect of I.28 nanoclay on the compressive stress-strain behaviour of 
Epikote 828. It was found that the nanoclay enhanced the compressive modulus of the epoxy as indicated by a steeper slope 
in elastic region of the stress-strain curve. However a detrimental effect on the compressive yield strength and failure strain 
was observed.  
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Fig. 4.  Typical true stress-strain curves of (a) cylindrical and (b) prismatic (cubic) specimens loaded in static uniaxial compression showing the effect of 
nanoclay on the compressive stress-strain behaviour of Epikote 828. 
 
Reduction in compressive strength for 1 and 3 wt% nanoclay was also recorded. This shows that the intercalated 
structure of nanoclay create high localised stresses in the matrix during compression. A weak nanoparticle-matrix interface 
restricts the ability of transferring load and plastic deformation. This causes the nanocomposites to fail prematurely. Table 1 
shows that nanocomposites have lower yield strength compared to the pure system. This is evidence of weak interfacial 
adhesion between the particles and the matrix which leads to inter-platelets sliding and reduction in plastic yielding stress 
and strain.  
 
Table 1. Effect of specimen shape (Cylinder or Cubic) and geometry on the compressive properties of nanoclay-filled epoxy nanocomposites. 
Compressive 
property 
Pure  
Epikote 828 
Nanomodified system 
1 wt% nanoclay 3 wt% nanoclay 5 wt% nanoclay 
Cyl. Cubic Cyl. Cubic Cyl. Cubic Cyl. Cubic 
Elastic modulus,  
E (GPa) 
3.02 r 0.06 
 
3.12 r 0.02 
 
3.28 r 0.01 3.27 r 0.01 3.44 r 0.04 3.45 r 0.01 3.60 r 0.03 3.58 r 0.01 
Yield stress  
Vy (MPa) 
132.99 r 
0.20 
126.59 r 
0.39 
129.95 r 
0.54 
127.94 r 
0.18 
129.63 r 
0.21 
127.78 r 
0.27 
128.90 r 
0.11 
128.08 r 
0.30 
Strain at yield 
point, Hy (%) 
6.50 r 0.05 5.53 r 0.03 5.65 r 0.09 5.83 r 0.04 5.77 r 0.07 5.73 r 0.06 5.53 r 0.07 5.62 r 0.10 
Compressive 
strength, Vu 
(MPa) 
211.47 r 
3.17 
 
126.59 r 
0.39 
 
153.76 
r13.43 
127.94 r 
0.18 
179.32 r 
3.60 
127.78 r 
0.27 
231.26 
r10.82 
128.08 r 
0.30 
Strain at break, Hf  
(%) 
42.66 r 0.65 16.49 r 1.56 36.74 r 2.12 23.82 r 1.37 40.02 r 0.23 23.92 r 1.19 41.28 r 0.27 21.23 r 1.39 
 
  5 wt% 
pure 
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4. Conclusion 
A series of nanocomposites was developed based on nanoclay and Epikote 828 epoxy resin. TEM micrographs revealed 
that intercalated structure nanocomposite system was produced. The performance of the nanocomposites was evaluated via 
static uniaxial compression tests. Nanocomposites offer higher compressive stiffness when compared to the neat polymer. 
This mainly contributed by the high stiffness nanoclay. However, the presence of clusters of intercalated nanomer I.28 and 
nanovoids (as revealed by the TEM micrographs) reduced the compressive strength of the epoxy system. A weak interfacial 
adhesion between nanofillers and the matrix and the presence of nanovoids may initiate the premature failure of the system. 
In order to achieve a better dispersion or exfoliation and a better performance of nanocomposites, further research is 
currently conducted using 3-roll mill machine for the fabrication of the nanocomposites.   
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